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Abstract 



We study nano-sized spherically symmetric plasma structures which are radial nonlinear 
oscillations of electrons in plasma. The effective interaction of these plasmoids via quantum 
exchange forces between ions is described. We calculate the energy of this interaction for the case 
of a dense plasma. The conditions when the exchange interaction is attractive are examined and 
it is shown that separate plasmoids can form a single object. The application of our results to the 
theoretical description of stable atmospheric plasma structures is considered. 
Keywords: exchange interaction; molecular ion; long-lived atmospheric plasma structure 



1 Introduction 

The exchange interaction between charged par- 
ticles plays an important role for the dynam- 
ics of quantum plasmas. For the first time 
the exchange interaction for the degener ate elec- 
tron g as in metals was considered by IWigner 
(1934). Since then a lot of works on this sub- 



ject has been published (see, e .g., th e recent re 



view by IShukla and Eliassonl (j201ll ) and refer- 
ences therein). 

The exchange effects are significant for degen- 
erate and dense gases. The degenerate quantum 
plasm as were discussed by lLandau and Lifshitz 
It was found that, owing to the small- 



ness of the electron mass, the electron compo- 
nent of plasma should be treated using the quan- 
tum mechanics whereas ions still obey a classical 
dynamics. However, if the temperature of ions is 
much lower than that of electrons, quantum ef- 
fects may be important for the ion component of 
plasma as well. Moreover, when one consider ers 
a structured plasma, i.e. when the parameters 
of such a media are not stochastic, the behavior 
of charged particles may obey quantum laws. 

In the present work we shall discuss the sit- 
uation when the exchange interaction is signifi- 
cant for the ion component of plasma. Firstly, 
in Sec. [2j we formulate the model of the effec- 



tive interaction of spherically symmetric plas- 
moids via the quantum exchange forces between 
ions. Then, in Sec. [3l we present the numerical 
estimates of the magnitude of this interaction 
for the realistic case of an atmospheric plasma. 
In Sec. H] we consider a possible application of 
the obtained results to the description of stable 
atmospheric plasmoids. Finally, in Sec. [5l we 
briefly summarize our results. 

2 Model 

In this section we formulate the model for the 
quantum exchange interaction of two spherically 
symmetric plasmoids which are radial nonlinear 
plasma oscillations. We compute the effective 
energy of this interaction and compare it with 
the typical electromagnetic energy of each of the 
plasmoids. 

Let us discuss a plasma composed of hot elec- 
trons and singly ionized cold ions. We can excite 
a spherically symmetric oscillation of electrons in 
this medium. One can parameterize this kind of 
oscillation using the vector of the electric field, 



E(r,t) = E 1 (r)e" 



+ C.C., 



1) 



where 



Ei(r) =n£7i(r), 
Ei( r ) =^4rexp 



r 

2a 

Here oj is the frequency of the plasma oscillation, 
<f is the possible phase shift of the oscillation, n 
is the unit radial vector, A is the amplitude of 
the oscillation, and a is the effective size of the 
plasmoid. Note that the shape of the envelope 
of the electric field in Eq. ([2]) is often used in the 



param etrization of nonlinear waves ([Anderson 
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1980) 



plasma structure described by Eqs. ([I]) and (J2J) 
can be stable. However, in our analysis we 
do not specify what kind of physical processes 
underlie the plasmoid stability. Thus we shall 
take A and a in Eq. ([2]) as phenomenological 
parameters. The magnitude of these parameters 
will be evaluated below. 

Typically the value of the oscillation frequency 
u) does not exceed the Langmuir frequency for 



electrons, 



to. 



V 



For example, u> can be 10% 



less than oj p for a classical electron nonlineari- 
ties treated in frames of the p erturbation the 



1980). Thus ions are 



ory (jSkoric and ter Haarl . 
only slightly involved in the oscillation process 
since we suggested that ion temperature is much 
lower than that of electrons. Therefore we shall 
suppose that ions are practically at rest and are 
embedded in the negatively charged background 
of electrons. Therefore the direct Coulomb in- 
teraction of ions is quite perfectly screened by 
electrons. 

Now, if we consider a couple of such plasmoids, 
then, because of their spherical symmetry, no 
interaction mediated by classical forces is pos- 
sible between these structures. However, if we 
suggest that ions possess nonzero static electric 
dipole moments (EDM), then instantaneously 
their spins will be directed along/opposite the 
oscillating electric field ([I]). Therefore the spins 
of ions are structured and we may expect that 
some nonzero quantum exchange force may exist 
between these plasmoids. 

For simplicity, we may discuss two identical 
spherically symmetric plasma structures sepa- 
rated by the distance R (see Fig. [1]). The val- 
ues of the parameters A, a, and w depend on 
the intrinsic properties of the surrounding me- 
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Figure 1: The schematic illustration of two in- 
teracting plasmoids separated by the distance R. 
The level of saturation of the grey hue corre- 
sponds to the strength of the electric field E\ (r) 
in Eq. ([2]). The vectors r^- indicate the positions 
of two ions connected by the vector Rjj. 

dia. That is why we should assume that they 
are the same for both plasmoids. In other words, 
both plasma structures exist owing to the same 
nonlinear effect. On the contrary, the phase shift 
in Eq. ([I]) depends on the initial condition of the 
plasmoids generation. It means that ip may be 
different for each plasmoid. 

The majority of highly abundant neutral 
atoms and molecules have integer spins. It 
means that a singly ionized positively charged 
ion, corresponding to such a neutral particle, will 
have one uncompensated electron spin. Thus 
we may expect that ions in our system are half- 
integer-spin particles. For simplicity we suggest 
that ion spins are equal to 1/2 (see also Sec. [3]). 
The Hamiltonian, describing the quantum ex- 
ch ange in t eracti on of 1/2-spin particles, is given 
bv lKittell dl99fil . p. 446), 



(3) 



where Jij is the exchange integral and S« is the 
spin operator of an ion situated at r = r^. The 
sum in Eq. ([3]) is taken over the pairs of ions 



belonging to different plasmoids. It means that 
we do not account for the exchange interaction 
inside a plasmoid. Note that in Eq. ([3|) we keep 
only the spin dependent term. 

When we calculate the averaging over a quan- 
tum ensemble of ions, (. • we may suppose 
that the evolution of ions belonging to differ- 
ent plasmoids is uncorrelated, i.e. ((Sj • Sj)) q = 
((Sj) g • (Sj) q ). This approximation is valid when 
the distance between plasmoids is sufficiently 
great. 

The mean local polarization, P = n.;(p) 
(where is the ion density and (p) is the mean 
dipole moment of ions) of the 1/2-spin particles 
gas c an be calcul ated using the Brillouin func- 
tion (jKittell . Il99d . p. 442), 



^ / x 2J + 1 
Bj(x) = — — — coth 



2 J 
1 

" 2J 



coth 



2J + 1 



2J" 



(4) 



where x = poE(ri,t)/T, po is the ion EDM, T 
is the ion temperature, and J = 1/2 is the total 
angular momentum of an ion since we suppose 
that ions are at the lowest energy state, i.e. the 
rotational degrees of freedom do not contribute 
to J. Thus we get the ion polarization in the 
form, 



P(rj,i) =gjnip B 1/2 (x) 



r. 



n 



2 

2^n i (r f ,*)E(r i ,*) 



(5) 



where gj = 2 is the g-factor of a 1/2-spin ion. 
In Eq. ([5]) we also take B 1 j 2 {x) x in the weak 
electric field limit. Finally we can find the mean 
local spin of ions as 



2fE(r,„t). 



(6) 
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To derive Eq. © we take that (Sj) 9 = {p) q /po- 
Besides the quantum ensemble averaging we 
should calculate the mean value over the time 
interval r = 2tt/uj since the frequency of the 
electric field oscillation is typically high. Finally, 
using Eqs. © and we get the mean value of 
the quantum exchange Hamiltonian as 



(H, 



ex/gr 



8 cos A(p 



Po 



x ^ Jij{ni ■ nj)£i(r;)£i(rj), (7) 

where Aip is the phase difference in oscillations 
of two plasmoids and n,; = rj/rj 

The form of the exchange integral Jy in 
Eqs. ([3]) and ([7|) depends on the ion wave func- 
tions inside a plasmoid, which are quite difficult 
to calculate. Nevertheless we may suggest that 
ions are in a self-consistent potential formed by 
nonlinear interactions of the electron gas. In 
fact, this potential provides the plasmoid stabil- 
i ty. T herefore, according to lLandau and Lifshitz 
(|l99lh . we may approximate the exchange inte- 
gral by 



Joe' 



-(Ki + Kj)Rij 



where Jq is a positive constant, Ri 



(8) 



is 



distance between two ions (see Fig. J}, K{ = 
\/2M\£i\/H, £i is the ion energy, and M is its 
mass. In the following we shall assume that ion 
energies are approximately equal inside the plas- 
moid, i.e. Ki « Kj ~ k = const. It is a quite 
rough approximation, but it significantly simpli- 
fies the calculations. Anyway we cannot account 
for the coordinate dependence of ion energies un- 
til the type of a nonlinearity, providing the plas- 
moid stability, is specified. 

Moving to the continuous density distribution 
and supposing that the ion density is approxi- 
mately constant and uniform, m(r,t) = no, on 



the basis of Eqs. (JT]) and ([8]) we get for the 
effective potential of the exchange interaction, 
V ex = (H ex ) qT , the following expression: 



8 Jq cos A(p 



x Ei(n)£i(r 2 ; 



T J 

,( r l ' r 2) 



d 3 rid 3 r 2 e- 2ftRl2 
(9) 



r\T2 

where R\2 = |R — ri + r2 1 • 

The sixfold integral in Eq. ([9]) can be cal- 
culated. It is convenient to compare the final 
result for the effective potential with the total 
electromagnetic energy of a plasmoid, W em = 
(E 2 ) r d 3 r (we remind that the magnetic field 
is identically equal to zero for a spherically sym- 
metric system of charged particles), as 

S v 6.0 x 10 3 x J cr 3 cos Aip 



We, 



\ T 



) F(a,b), 



(10) 



where 



F(a,b) =6exp(-a 2 /4) 

x {(1 + 46 2 )[erfcx(26-a/2) 

-erfcx(26 + a/2)]/a 

- 6[erfcx(26 - a/2) 

+ erfcx(26 + a/2)]}. (11) 

Here erfcx(x) = exp(x 2 )erfc(x) is a scaled com- 
plementary error function as well as a = R/a 
and b = ko are the dimensionless parameters. 
We remind that a is the effective plasmoid size 
defined in Sec. [21 cf. Eq. ([2]). In the next section 
we evaluate the magnitude of V ex in a realistic 
situation. 

3 Numerical estimates 

In this section we evaluate the quantum ex- 
change interaction of spherically symmetric plas- 
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moids for the case of a realistic atmospheric 
plasma. In particular we find the conditions 
when this interaction is attractive. 

First, we notice that the magnitude of the 
effective interaction (|l(jp depends on EDM of 
an ion. The most abundant molecules in the 
Earth's atmosphere, like N2 and O2, are non- 
polar. Ho wever, a water molec ule has a rather 

Il973h 



bo 



6.18 x 



big EDM (jClough et al 
1CP 30 C • m. Note that the total spins of sta- 
ble 1 H and 16 O atoms, which a water molecule 
is made of, are integers. Thus, we can consider 
a plasma composed of singly ionized water ions, 
which should be half-integer-spin particles. We 
shall suppose that they are in the lowest energy 
state and have spins equal to 1/2, for the results 
of Sec. [2] to be valid. 

The main uncertainty of Eq. (|1U|) is in the pa- 
rameters of the exchange integral: k and Jo- To 
evaluate k we notice that it depends on the bind- 
ing energy of an ion inside a plasmoid, £. How- 
ever, for a plasmoid to be stable against thermal 
fluctuations, \£\ should be greater than the typ- 
ical thermal energy of an ion. For a water ion 
the average thermal energy is equal to 3T since 
it is a triatomic molecule. Thus we may take 
that k ~ H^m- 1 for T sa 300 K (the typical 
air temperature) and M ~ 10 -26 kg (the mass of 
the water molecule). To make a rough estimate 
o ne may also assume that Jo ~ 3T. 



Dvornikov and Dvornikov ( 20061 ) ; Dvornikov 



(J2012J) found that stable quantum plasma struc- 
tures of the nano-scaled size (10~ 8 — 10 -9 ) m can 
exist in the atmosphere. Let us discuss a pair of 
such plasmoids with a ~ 10 -9 m. Taking into 
account our estimate for k we get that b « 100 
for these plasmoids. The function F(a,b), given 
in Eq. (jlip . versus a for b = 100 is shown in 
Fig. da). 

One can see in Fig. [21(a) that F(a, b) — > at 




(a) 



,x10 




(b) 



Figure 2: The function F(a, b) versus a for differ- 
ent values of b: (a) corresponds to b = 100 and 
(b) to b = 10. The part of the curves for a < 2 
is shown by a dashed line since it corresponds 
to an unphysical situation of almost overlapping 
plasmoids with R < 2a. 
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s > 1, i.e. the interaction between plasmoids 
vanishes at great distance between them, R^$> a, 
as it should be. Moreover, the function F(a, b) 
is negative at R S> a. Using Eq. (fTUj) . in this 
case, we get that the exchange interaction can 
be attractive if ir/2 < Aip < 3ir/2, i.e. the os- 
cillations in plasmoids should be in antiphase. 
This result can be understood on the basis of 
general Eq. ([3]). Indeed, let us discuss the ball 
segments of plasmoids which are in front of each 
other. It is clear that ions which are in these 
segments will give the greatest contribution to 
the effective interaction since there is a shortest 
distance between them, cf. Eq. ©. If we dis- 
cuss the case of the antiphase oscillations, their 
spins will be mainly parallel at any moment of 
time. Thus ((Sj • Sj)) q > and, according to 
Eq. ©, this situation should correspond to the 
effective attraction. At b = 100 the minimum of 
the function F m i n ~ —2.9 x 10~ 9 is reached at 
a rj 3.16. 

The strength of the effective attraction be- 
tween plasmoids quadratically depends on the 
number density of water ions. Let us suppose 
that we study plasma structures in the air hav- 
ing 100% relative humidity at T = 300 K. In 
this case no ~ 2 x 10 23 m -3 . Using Eq. ([ID]) 
for these plasma parameters and supposing that 
cosAip = — 1 we get that |K. X |/W em ~ 10~ 14 , 
i.e. the energy of the quantum exchange energy 
is very small compared to the total electromag- 
netic energy of a plasmoid. However, if we as- 
sume that no ~ 10 29 m -3 , that corresponds to 
the number density of molecules in liquid water, 
we get that |Xe X |/We m ~ 10~ 2 . It means that 
quantum exchange interaction can reach a few 
percent of the electromagnetic interaction. 

One can also notice in Fig. [2(a) that, decreas- 
ing the distance between plasmoids, the function 
F(a, b) becomes positive. Formally the situa- 



tion when a = corresponds to completely over- 
lapped plasmoids. In this case, provided that the 
oscillations are in phase, the spins of ions will be 
always parallel. Again using Eq. ([3]) with \A.ip\ < 
tt/2 we get that one has an effective attraction 
between plasmoids. However we cannot discuss 
small values of a < 2 since in this case there will 
be a strong correlation between spins of differ- 
ent plasmoids which will distort the dynamics of 
the system making our analysis invalid. Never- 
theless, at 2 < a < ao, where ao ~ 2.45 is the 
root of the function F(a, b = 100), our results are 
likely to be valid. Physically this situation cor- 
responds to slightly touching plasma structures 
without a significant overlapping. For the val- 
ues used above, T = 300 K and no ~ 10 23 m -3 , 
we again obtain that |V^ x |/W em ~ 10~ 14 , pro- 
vided that cos Acp =1. If we increase the wa- 
ter ions density up to ~ 10 29 m -3 , we get that 

|U ex |/TU em ~ 10- 2 . 

We obtained that, for realistic conditions, 
corresponding to a typical atmospheric plasma 
which contains saturated water vapor, the en- 
ergy of the quantum exchange attraction is only 
a small fraction of the total electromagnetic en- 
ergy of a spherical plasma structure. Thus the 
exchange interaction cannot significantly influ- 
ence the dynamics of oscillations inside a plas- 
moid. The exchange interaction can reach a few 
percent of the electromagnetic interaction if we 
study plasmoids in denser media. Hence one 
may expect the coagulation of separate nano- 
sized plasma structures excited, e.g., in liquid 
water. 

We also notice that, if we lower the ion temper- 
ature, the quantum exchange interaction should 
reveal itself more intensively. The function 
F(a, b) for b = 10, that corresponds to a tem- 
perature of a few Kelvin degrees, is shown in 
Fig. [2(b). One can see that, in this case, the 
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quantum exchange interaction is several orders 
of magnitude stronger, as it should be, since 
quantum effects are more essential at low tem- 
peratures. However this case is unlikely to be 
implemented in an atmospheric plasma. 

At the end of this section we mention that 
the assumption that mean ion spins are always 
parallel the electric field was made in Sec. El cf. 
Eq. ([6]). We remind that the electric field in- 
side a plasmoid is rapidly oscillating, see Eq. (pQ). 
Thus, for Eq. ([6]) to be valid, the typical time 
of the ion depolarization in an oscillating elec- 
tric field, i.e. the time of the spin-flip, r^, 
should be much shorter than \/oj. The spin-flip 
time can be estimated as ~ I/h 10~ 12 s, 
where I ~ 10~ 46 kg • m 2 is the moment of 
inertia of a water ion. The oscillations fre- 
quency for the obs erved plasmoids does not ex- 
ceed several MHz (IKlimov and Kutlalievl . I201Q ; 
Bvchkov et all l20ld p. 211). Therefore Eq. © 
is always valid. 



4 Application 

In this section we discuss the application of the 
results, obtained in Sees. [2] and O to the descrip- 
tion of stable atmospheric plasma structures. 
We show that the quantum exchange interaction 
of plasmoids can result in the formation of a com- 
posite object. 

A long-lived atmospheric plasmoid, called a 
ball lightning (BL), is a luminous object, having 
the form of a sphere of (0.1 — 0.2) m in diame- 
ter. Numerous trustworthy reports on such an 
object, as well as its photo and video record- 
ings, weigh heavily to the reality of this natural 
phenomenon. Nonetheless the existence of BL is 
still a puzzle for the modern physics because of 
its extraordinary properties. The numerous the- 



oretical models of BL, including v ery exotic ones. 



are lis ted in the recent review by iBychkov et al 
(|2010j ). 



Taking into account the fact that in the 
majority of cases BL appears mainly during 
a thunderstorm, it is natural to suggest that 
it is a plasma based phenomenon. How- 
ever the reported life-time of BL, which can 
be as long as several minutes, is in con- 
tradiction with the typical existence time of 
an unstructured atm ospheric plasma, which is 
about several 
lj200fil ): 



ms. 



Dvornikov and Dvornikov 



Dvornikovl (|2012l ) constructed a BL 



model based on nonlinear quantum oscillations 
of electron gas in plasma. For quantum ef- 
fects to come into play, the typical size of a 
pl asmoid should be tiny. The deta il ed analysis 
of Dvornikov and Dvornikov ( 20061 ): Dvornikov 
([2012]) showed that the typical size of a plas- 
moid should be about (10~ 8 — 10~ 9 ) m for the 
existence of stable spherically symmetric quan- 
tum oscillations of electrons. Note that the BL 
model based on radial plasm a oscillations wa s 
also discussed bvlFedelel jl99flh ; IShmatovl feooah ; 



Tennakond (|201lh . 

The nano-scaled size of a plasmo i d predicted 
by iDyornikov and Dvornikov (2006): Dvornikov 
(|2012l ) can explain that sometimes BL can eas- 
ily pass through tiny holes. Despite the re- 
cent experimental achievements in the genera- 
tio n of nano-sized BL-l i ke structures reported 
by iMitchell et al.l fa008 ) ; IKlimov and Kutlaliev 
(j2010h : llto and Cappelhl <|2012h . it is still difficult 



to reconcile the visible dimensions of a natural 



BL wi t h the result s of IDyornikov and Dvornikov 
(|2006l ): lDvornikovl (|2012h . Nevertheless, we may 
suggest that the core of BL, which still can be 
small, is a coagulate of separate kernels, each 
of them being a spherically symmetric quantum 
oscillation of electrons. The mechanism, which 
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holds these kernels together, may be the quan- 
tum exchange interaction between ions described 
in Sees. [2] and [3l 

In our opinion, separate plasma oscillation 
kernels are created with arbitrarily distributed 
oscillations phases. Then, owing to the quan- 
tum exchange attraction, the parts of a fu- 
ture BL self-organize and form a natural plas- 
moid. A composite BL model is confirmed 
by the observational facts that a natural plas- 
moid often divides in t o seve ral independent ob- 
jects ( Bvchkov et al. . 20ld . p. 206) and that 
the motion of smaller parts i nside BL is some- 
times visible ( Bvchkov et al. . 2010l . p. 233). A 
complex plasmoid consisting of several hot ker- 
nel s was recently generated in a laboratory 
by lOreshko and Mavlvudovl (|201ll ). Note that 
a model of BL co nsisting of sep arate parts was 
also considered by Nikitin ( 20061 ). 

Using the estimates of Sec.Oone finds that the 
quantum exchange interaction can be respon- 
sible to the coagulation of separate plasmoids 
only if the density of water ions is rather high, 
no ~ 10 29 m -3 , which corresponds to the case 
of liquid water. Saturated water vapor, hav- 
ing no ~ 2 x 10 23 m~ 3 , is not sufficiently dense 
to provide the required attractive force between 
plasma structures. It means that the described 
mechanism may be important at the stage of the 
formation of a natural BL in case it appears in- 
side a drop of rain water. We also mention that 
the results of our work may be appli ed for the 



analys is of the experim e nts m ade by IShabanov 



(2002); IVersteegh et al.l (|2008l ). who generated 
laboratory plasmoids in electric discharges in wa- 
ter. 

We should mention that, for the first time, 
the idea that the exchange interaction can be 
im portant for t he B L stability was discussed 
by iNeugebauerl (|1937l ) , who suggested that elec- 



trons in a dense and relatively cold plasma can 
be held together by this kind of interaction pro- 
viding the plas ma cohesion. Howeve r , as i t was 
later shown by Landau and Lifshitz ( 1980l ). ac- 
counting for the exchange effects in quantum 
plasma just slightly enhances its pressure, mak- 
ing impossible the plasma confinement. 

The hypothesis that exchange interaction be- 
tween electrons is responsible to the cohesion 
of plasma o f a natural plasmoid w as late r 
revisite d by iKulakov and Rumvantsev (|l99lh . 
Unlike INeugebauerl (|1937l ). who studied the 
exchange interaction between free electrons, 
Kulakov and Rumvantsev considered the 



situation when an electron in plasma is in a 
bound state with an ion. In this case, provided 
that spins of the majority of electrons are equally 
directed, cf. Eq. ^j, there can be an attractive 
interaction resulting in the formation of a quan- 
tum liquid. However, it is unclear how to struc- 
ture electr on spins in a quite hot p l asma, dis- 
cussed by Kulakov and Rumvantsev ( 199 ll ). at 
the absence of an external field. Note that elec- 
trons can be polarized only by a magnetic field 
since electron's EDM has not been discovered 



yet dHudson et all l201ll ). 

In the present work we consider the effec- 
tive interaction of separate nano-sized plas- 
moids using the concept of quantum exchang e 
forces. However, contrary t o iNeugebauer (1 19371 ): 
Kulakov and Rumvantsevl (|199ll ). here we sug- 



gest that ions, rather than electrons, are involved 
in this kind of interaction. If an ion has a great 
EDM (like H20 + ), one may expect that ion spins 
will be structured in an oscillating electric field 
of a plasmoid, cf. Eq. ([1]). The detailed analysis 
of Sees. [2] and [3] showes that a small attraction 
between plasmoids is possible if there is a certain 
phase shift in oscillating structures created in a 
dense plasma. 



S 



The magnitude of the quantum exchange in- 
teraction strongly depends on ion's EDM. Wa- 
ter, which is highly abundant in the Earth's at- 
mosphere, has a molecule with a great EDM. It 
can explain the fact why BL appears mainly dur- 
ing or after a thun derstorm, when air is enriched 



with water vapors (jBychkov et al.l . l2010l . p. 246). 



It is necessary to mention that the importance of 
EDM of charged particles to the stability of B L 



Stakhanov (19731); Mesenvashinl ( 


1991 


); ( 


jilmanl 


(2003 


). Contrary to the studies of 


Berestroml 


(1973 


): Stakhanov (19731); Mesenvashin 


1991); 



gested that the existence of a plasmoid is pro- 
vided by a nonlinear interaction of electrons. 
The interaction of EDM of ions is accounted for 
to explain the coagulation of separate nano-sized 
plasmoids into a single object, which can be a 
natural BL. 

At the end of this section we mention that BL 
observations reveal the variety of characteristics 
of this natural phenomenon. All the reported 
properties of BL does not seem to be reconciled 
in frames of a single model. Thus, perhaps sev- 
eral types of glowing objects are taken as BLs. 
In this work we construct a theoretical model of 
a low energy BL which has an internal structure. 
The explanation of possibly existing atmospheric 
plasma structures which possess a hug e energy, 



up to several MJ (|Bvchkov et all I20101 . p. 230) 



cannot be explained within our model. 



5 Conclusion 

In conclusion we mention that in the present 
work we have discussed the effective interaction 
of spherically symmetric plasma structures via 
the quantum exchange forces. Each of the plas- 



moids is taken to be a nonlinear radial oscillation 
of electrons. In Sec. [2] it has been obtained that 
a nonzero interaction can exist in such a system. 
This interaction can be attractive or repulsive 
depending on the phase shift in plasmoids os- 
cillations. At big distances between plasmoids 
there is an effective attraction if oscillations are 
in antiphase. If oscillations are in phase, an ef- 
fective attraction is also possible, provided the 
distance between plasmoids is relatively small. 
However the latter case requires an additional 
special analysis since some unaccounted spin cor- 
relation effects can significantly influence the dy- 
namics of the system. 

In Sec. [3] we have made numerical estimates 
of the magnitude of the quantum exchange in- 
teraction. We have discussed a dense plasma 
having a significant fraction of water ions. It 
has been found that mutual effective attraction 
of plasmoids can reach a few percent of the total 
electromagnetic energy of a plasmoid in cases of 
both short and great distances between plasma 
structures if the density of ions is high, no ~ 
10 29 m -3 . If one studies the attraction of plasma 
structures existing in a medium containing sat- 
urated water vapor with no ~ 2 x 10 23 m~ 3 , the 
quantum exchange interaction is insufficiently 
strong to provide the coagulation of plasmoids. 
Taking into account that no other types of inter- 
action between spherical plasmoids are allowed, 
we may conclude that separate plasma structures 
can be held together by the exchange interaction, 
in case they exist in a dense medium like liquid 
water. 

In Sec. S] we have discussed the application 
of the obtained results to the construction of 
a theoretical model of a spherical atmospheri c 
plasmoid, B L. Dyornikov and Dvornikov ( 20061 ); 



Dvornikovl ([2012]) demonstrated that a stable 



nano-sized plasma structure, based on nonlinear 
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quantum oscillations of electrons, can exist in the 
atmosphere. In the present work we have shown 
that separate kernels, with independent radial 
plasma oscillations, can form a single structure 
owing to the exchange interaction of ions. This 
phenomenon may happen at the initial stages of 
the BL evolution, when plasmoids appear in a 
drop of rain water. Thus we have developed a 
composite BL model which is not excluded by 
the observational data. 
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